The incidence of shoulder complaints is 11-29 per 1000 person-years, with higher rates in elderly persons.[@bib12]^,^[@bib29] Shoulder complaints are most commonly related to subacromial inflammation or a rotator cuff (RC) tear.[@bib29]^,^[@bib30] RC tears have a prevalence of 13% in the fifth decade of life, and this prevalence further increases up to 50% in elderly persons, resulting in a great social but also economic burden in the United States.[@bib19]^,^[@bib27]^,^[@bib31]^,^[@bib35] Medical treatment of RC tears coincides with huge preoperative health care costs especially for diagnostic imaging of the RC by means of magnetic resonance imaging (MRI).[@bib36] This social and economic burden underlines the need for more cost-effective ways to diagnose RC disorders in patients.

Conventional radiographs are an available and inexpensive first diagnostic step to differentiate between shoulder pathologies and may help to identify an RC tear through the assessment of the acromiohumeral (AH) interval.[@bib4]^,^[@bib8]^,^[@bib10]^,^[@bib17]^,^[@bib32] Whether AH interval measurements on conventional anteroposterior (AP) radiographs are of added value in the diagnosis of RC tears depends on the random measurement error (ie, absolute consistency), the observed measurement error with respect to the total amount of variability (ie, relative consistency), and the closeness of the measurement to the true subacromial distance (ie, accuracy).[@bib24]^,^[@bib26]^,^[@bib33] The latter has previously been evaluated through the calculation of the structural difference in the AH interval between radiographs and MRI--computed tomography (CT).[@bib28]^,^[@bib34] Moreover, magnification and projection have been revealed to introduce measurement error, which subsequently led to the recommendation of methods that should correct for magnification (ie, upward migration index \[UMI\]) or projection (spino-humeral head center method).[@bib21]^,^[@bib28]

Nowadays, several measurement methods exist to assess the position of the humerus relative to the scapula (ie, further referred to as "proximal migration"): AH interval, UMI, glenohumeral center-to-center measurement (GHCC), glenohumeral arc measurement (GHa), and scapular spine--humeral head center method (SHC).[@bib1]^,^[@bib6]^,^[@bib9]^,^[@bib18]^,^[@bib21]^,^[@bib28] Remarkably, the relative consistency has been evaluated in patients only for the AH interval; nonetheless, the absolute consistency was not reported.[@bib13] Moreover, the amount of random measurement error that is associated with the UMI, GHCC, GHa, and SHC---and thus their reliability---remains unknown. Therefore, it has still to be determined whether the introduction of these methods has resulted in improved reliability and higher discriminative accuracy for detecting an RC tear.

The primary aim of this study was to assess the reliability and diagnostic discriminative accuracy of 5 measures (ie, AH interval, UMI, GHCC, GHa, and SHC) of proximal migration of the humerus in detecting RC tears on a single conventional radiograph. Because the AH interval is an easy applicable technique and is associated with high relative reliability, we hypothesized that the AH interval measurement would have superior reliability and diagnostic accuracy for detecting an RC tear compared with the other measurements.

Materials and methods {#sec1}
=====================

Participants {#sec1.1}
------------

In this retrospective, cross-sectional diagnostic study, we evaluated subjects with (1) subacromial pain syndrome (SAPS), (2) an isolated full-thickness supraspinatus tear, (3) a massive posterosuperior RC tear involving the supraspinatus and infraspinatus muscle, (4) a massive anterosuperior RC tear involving the subscapularis and supraspinatus muscle, (5) asymptomatic shoulders (ie, healthy controls), or (6) radiographic osteoarthritis of the glenohumeral joint.

We identified a consecutive series of eligible subjects with shoulder pain who visited the outpatient clinic at the Leiden University Medical Center through screening of the nationwide diagnosis-related financial coding system from August 2005 to October 2015. Radiographs of healthy controls were selected from a prior study.[@bib5]

We applied the following general inclusion criteria: shoulder pain for at least 3 months and the availability of a true AP radiograph. Furthermore, the quality of conventional radiographs was assessed regarding the presence of the scapular spine because two-thirds of the scapular spine was required for some of our outcomes.[@bib11]^,^[@bib15] Finally, because we aimed to assess the discriminative value of our outcome measures in the diagnosis of RC tears, patients in the subgroups with RC-related complaints (subgroups 1-4) were required to have undergone an evaluation of the RC with ultrasonography or MRI. The RC was assessed for signs of tendinitis and tears of the supraspinatus, infraspinatus, or subscapularis muscle for correct classification according to our subgroups by a radiologist. The general exclusion criteria were the presence of or a history of shoulder surgery, tumor, cervical radiculopathy, frozen shoulder, fracture within the shoulder region, muscular dystrophy, or rheumatologic disease.

The diagnosis was obtained by an orthopedic surgeon after evaluation of patient history, physical examination findings, radiography, and ultrasound or MRI. All patients with SAPS (subgroup 1) experienced movement-related pain and pain at night in combination with positive Hawkins and Neer impingement tests. On imaging, all patients had tendinitis, a partial-thickness RC tear, or bursitis, whereas patients with a full-thickness RC tear, labral tear, and biceps tendinopathy were excluded. Patient with an RC tear (subgroups 2-4) had movement-related shoulder pain, a positive Hawkins test, a positive Neer impingement test, and a full-thickness RC tear on ultrasound or MRI.

Each diagnostic subgroup comprised 60 patients, except for the healthy control subgroup (n = 10) and osteoarthritis subgroup (n = 30). In this way, 280 shoulder radiographs from 280 different subjects with 6 different clinical entities were analyzed.

Outcome measures {#sec1.2}
----------------

All outcome measures are depicted in [Figure 1](#fig1){ref-type="fig"}. Five methods were used to quantify the craniocaudal position of the humerus with respect to the scapula (ie, proximal migration): (1) The AH interval was defined as the shortest distance measured from the cortical undersurface of the anterior part of the acromion and the humeral head.[@bib2]^,^[@bib4]^,^[@bib10]^,^[@bib22]^,^[@bib32] (2) The UMI was obtained by dividing the distance between the geometric center of the humeral head and the cortical undersurface of the acromion by the radius of the humeral head.[@bib18]^,^[@bib28] (3) The GHCC was defined as the distance from the geometric center of the humeral head to a perpendicular line running through the middle of the articular surface of the glenoid fossa (positive when pointing superiorly).[@bib6]^,^[@bib9] (4) The GHa---originally designed for the evaluation of shoulder arthroplasty and later modified for the assessment of the native shoulder[@bib1]---was defined as the distance from the anatomic neck of the humeral head to the inferior rim of the glenoid (positive when pointing superiorly).[@bib1] (5) The SHC was defined as the perpendicular distance between a line running through the straight part of the supraspinatus fossa floor and the geometric center of the humeral head (positive when pointing inferiorly).[@bib15]^,^[@bib21] Distances were expressed in millimeters.Figure 1Radiographic assessments of glenohumeral joint. (**A**) Acromiohumeral interval (*AH*). (**B**) Upward migration index (*UMI*). This measure was calculated as the sum of the AH and radius (*r*) of the humeral head divided by r, that is, (AH + r)/r. Circle: a circle fitting the humeral head black dot: geometric center of rotation. (**C**) Glenohumeral center-to-center measurement (*GHCC*). Circle, a circle fitting the humeral head black dot: geometric center of the humeral head. filled square, middle of the articular surface of the glenoid. Solid lines: two perpendicular lines to a line running to the glenoid fossa floor, one line through the center of the humeral head and the second erpendicular line through the middle of the articular surface of the glenoid. (**D**) Glenohumeral arc measurement (*GHa*). circle, circle fitting the humeral head black dot: center of the humeral head. dotted line, line touching the glenoid articular surface. Solid lines, perpendicular lines at the level of the inferior rim of the glenoid and tat the level of the anatomical neck of the humerus. (**E**) Scapular spine--humeral head center method (*SHC*). Circles, Circle fitting the humeral head. black dot, geometric center of the humeral head. solid line, line running through the straight part of the fossa floor.

We also assessed the influence of the cranial-caudal projection on radiographs on proximal migration measurements as described in cadavers by Nagels et al.[@bib21] To measure the cranial-caudal projection, the projection of the coracoid process with respect to a reference line drawn through the supraspinatus fossa floor was evaluated ([Fig. 2](#fig2){ref-type="fig"}).[@bib21] The coracoid process projects either below (cranial projection), on (neutral projection), or well above (caudal projection) the reference line.Figure 2Coracoid projection (black dashed line). The projection of the coracoid process was evaluated with respect to a line drawn through the supraspinatus fossa floor (*blue dashed line*) according to the method described by Nagels et al.[@bib21] (**A**) When the coracoid process was projecting below the *blue dashed line*, this indicated a cranial projection. (**B**) Neutral projection. (**C**) When the coracoid process was projecting well above the *blue dashed line*, this indicated a caudal projection.

Radiologic assessments {#sec1.3}
----------------------

Standard true AP radiographs (ie, oblique view) with the arm in the neutral position and the hand in the anatomic position (ie, external rotation) were selected and retrieved from the hospital\'s picture archiving and communication system. Radiographs were made with the patients standing at a film distance of approximately 120 mm and with 15° of craniocaudal tilt. Radiographs were processed with CXDI Control Software NE (Canon Europe, Amstelveen, The Netherlands), stored in DICOM (Digital Imaging and Communications in Medicine) file format, and assessed using Digimizer software (version 4.6.1 \[2005-2016\]; MedCalc Software, Ostend, Belgium). Each measurement was conducted on a blank radiograph. Two observers (A.K. and C.L.O.) independently assessed the outcome parameters on each of the 280 radiographs in a random sequence. At 1 to 7 days (median, 3 days) after the first session, both observers assessed the outcome parameters in a second session. In total, each outcome measure was rated 4 times, resulting in 1120 observations per method.

Blinding and randomization of radiographs {#sec1.4}
-----------------------------------------

Radiographs were anonymized by removing all information that could expose the patient\'s identity. The order of radiographs was randomized with the purpose to blind the assessor to the clinical diagnosis, as well as to ensure that learning effects could not influence outcomes across the diagnostic subgroups. Randomization was performed using random permutation in MATLAB (version 2013b; The MathWorks, Natick, MA, USA).

Four lists of 280 random unique integers were generated (ie, 1 list per session for both observers). Custom-made software was used for saving the original DICOM files according to these random lists. The order of randomization was revealed following all measurements. Correct randomization was checked at the end of the study ([Supplementary Fig. S1](#appsec1){ref-type="sec"}).

Reliability indices {#sec1.5}
-------------------

Assessments were evaluated for random errors in light of the total amount of variability within the population (ie, relative consistency) and for absolute random errors among repeated assessments (ie, absolute consistency).[@bib33] Relative consistency is usually expressed with the intraclass correlation coefficient (ICC), whereas absolute consistency can be expressed as the standard error of measurement (SEM) or root-mean-square error (RMSE).[@bib24]^,^[@bib33]

The ICC is a ratio of the true variability in the population to the total variance as observed.[@bib26]^,^[@bib33] This ratio not only assesses the level of agreement between consecutive ratings but also represents the existing real variance between patients (equation 1).[@bib7]^,^[@bib24]^,^[@bib26]^,^[@bib33] When the real variance among patients increases or when the residual variability decreases, the ICC increases.[@bib26] Consequently, the ICC represents a signal-to-noise ratio and will depend on the variance within the population of interest.[@bib24]^,^[@bib26]^,^[@bib33] The ICC provides information on the ability to differentiate individuals with a disease within the population.[@bib33]

Absolute consistency among measurements is frequently referred to as "precision" and has the advantage that it can be expressed in units of the metric system. Absolute consistency was quantified using the SEM.[@bib33] The SEM is less dependent on the variability within the group and is expressed through the same scale as the outcome measure.[@bib26]^,^[@bib33] When the ICC is used to calculate the SEM (equation 2), structural errors between sessions may have an effect on the SEM.[@bib33] To account for this, the RMSE for the residuals can be used to describe the absolute consistency.[@bib33] The RMSE does not rely on the ICC and contains the random residual error of a measurement.[@bib33] In a similar way, the RMSE for different sessions (ie, RMS~within\ observers~) and the RMSE between observers (ie, RMS~between\ observers~) were used to describe variation. The SEM and RMSE provide information on whether changes are real. Hence, these properties were used to obtain the smallest change that is not expected to be the result of measurement error and thus can be considered a real change in the outcome measure, also known as the "minimal detectable change" (MDC).[@bib16]^,^[@bib33]

Because variance may differ between diagnostic subgroups, the ICC, SEM (when calculated with an ICC), and MDC were first calculated within each of the diagnostic subgroups ([Supplementary Table S1](#appsec1){ref-type="sec"}). We found consistent indices among the 6 subgroups per outcome measure. Therefore, we present overall indices in the "Results" section, whereas all indices per subgroup are presented in [Supplementary Table S1](#appsec1){ref-type="sec"}.

Statistical analysis {#sec1.6}
--------------------

### Means and differences among subgroups {#sec1.6.1}

Means and 95% confidence intervals (CIs) were calculated per diagnostic subgroup. The differences in measurements were determined with a linear mixed model. Covariance within the residuals of 4 repeated measures was modeled with an unstructured covariance matrix. The dependent variable was 1 of our 5 outcome measures (eg, AH interval). The fixed factors were as follows: session, observer, session × observer, and subgroup.

### Evaluation of reliability indices {#sec1.6.2}

Two-way random-effects models with absolute agreement were applied to calculate the intraobserver and interobserver reliability (ICC~2,1~) according to Shrout and Fleiss.[@bib24] In addition, we calculated the overall reliability ratio (ICC~overall~)~,~ standard deviation (SD), SEM, RMSE, and MDC. A detailed description and formulas are provided in [Supplementary Appendix S1](#appsec1){ref-type="sec"}. Although there is no consensus as to the interpretation of the ICC, we used the following criteria to interpret the ICC: 0.00-0.39, poor; 0.40-0.59, fair; 0.60-0.74, good; and 0.75-1.00, excellent.[@bib3]^,^[@bib33]

### Evaluation of discriminative accuracy {#sec1.6.3}

"Discriminative accuracy" refers to the ability of a measure to distinguish patients with disease from patients without disease.[@bib25] It can be assessed with receiver operating characteristics and the area under the curve (AUC).[@bib25] Because the presence of osteoarthritis is usually evident on radiographs and because asymptomatic subjects are not exposed to radiography in a clinical setting, we only evaluated the discriminative accuracy of our measurement methods using the subgroups with RC-related complaints (subgroups 1-4). Given that the AH distance is the most common way to evaluate proximal migration, we compared the AUCs of the other measuring methods with the AUC of the AH interval. Because AUCs were derived from the same set of radiographs, we accounted for correlated data.[@bib14] The optimal cutoff value was set at the highest sum of sensitivity and specificity.

### Evaluation of cranial-caudal projection variation {#sec1.6.4}

Linear regression analysis was performed with cranial-caudal translation of the humerus as the dependent variable to evaluate the association between the cranial-caudal projection and proximal migration measurements in patients with RC-related complaints (subgroups 1-4). The independent variable was cranial, neutral, or caudal projection of the coracoid with respect to the scapular spine. All our outputs were obtained using IBM SPSS Statistics for Windows (version 20.0; IBM, Armonk, NY, USA). A 2-sided *P* \< .05 was considered statistically significant.

Results {#sec2}
=======

Means and between-group differences {#sec2.1}
-----------------------------------

The patient characteristics of our 6 subgroups are described in [Table I](#tbl1){ref-type="table"}. Means for proximal migration measures are described in [Supplementary Table S2](#appsec1){ref-type="sec"}. The SAPS subgroup had a significantly larger mean AH interval compared with the subgroups with a supraspinatus tear (1 mm; 95% CI, 0.46-2.2 mm) or massive RC tear (3 mm; 95% CI, 1.9-3.7 mm). A comparable pattern was found for the UMI, but differences between the SAPS and supraspinatus tear subgroups were less prominent for the GHCC, GHa, and SHC ([Supplementary Table S3](#appsec1){ref-type="sec"}).Table ICharacteristics of diagnostic subgroupsSubgroups with RC-related complaintsHealthy controls (n = 10)Glenohumeral osteoarthritis (n = 30)SAPS (n = 60)Supraspinatus tear (n = 60)Massive posterosuperior RC tear (n = 60)Massive anterosuperior RC tear (n = 60)Age (SD), yr49 (6.5)62 (11.9)59 (8.6)62 (8.4)50 (6.6)68 (12.9)Female, n (%)29 (48)27 (45)27 (45)25 (42)5 (50)20 (67)Left side affected, n (%)24 (40)26 (43)19 (32)18 (30)6 (60)11 (37)RC imaging, n (%) MRI15 (25)38 (63)56 (93)57 (95)NANA Ultrasound45 (75)22 (37)4 (7)3 (5)NANA[^1]

Reliability indices {#sec2.2}
-------------------

Relative consistency of proximal migration measurements was excellent, with ICCs larger than 0.8 for the AH interval, UMI, GHCC, and GHa ([Table II](#tbl2){ref-type="table"}) for all of the diagnostic subgroups ([Fig. 3](#fig3){ref-type="fig"}, [Supplementary Table S1](#appsec1){ref-type="sec"}). The overall ICC for the SHC was good. The highest overall relative consistency (ie, ICC) was found for the AH interval measurement (ICC, 0.961). Absolute consistency was best for the AH interval, with a small random residual measurement error of 0.58 mm. The random residual measurement error was larger for the GHCC (1.0 mm), GHa (1.4 mm), and SHC (3.2 mm).Table IIReliability of outcome measuresAH interval, mmUMI (\[AH interval + r\]/r)GHCC, mmGHa, mmSHC, mmIntraobserver reliability (95% CI)0.960 (0.952-0.968)0.913 (0.897-0.928)0.794 (0.716-0.848)0.924 (0.909-0.937)0.728 (0.663-0.781)Interobserver reliability (95% CI)0.962 (0.954-0.969)0.912 (0.895-0.927)0.830 (0.800-0.857)0.924 (0.910-0.937)0.722 (0.649-0.780)ICC overall (95% CI)0.961 (0.953-0.968)0.913 (0.896-0.927)0.806 (0.749-0.849)0.924 (0.909-0.937)0.726 (0.658-0.780)SD3.00.1112.65.06.5 RMS~patients~5.80.2144.89.712 RMS~within\ observers~2.10.03429.13.921 RMS~between\ observers~0.110.07380.813.023 RMSE0.580.03271.01.43.2SEM0.580.03261.11.43.4MDC1.60.09053.13.89.4[^2][^3]Figure 3Intraclass correlation coefficients. The plot shows the intraclass correlation coefficient (*ICC*) with its 95% confidence interval (*CI*) in each diagnostic subgroup: (1) healthy controls, (2) subacromial pain syndrome, (3) isolated full-thickness supraspinatus tear, (4) massive posterosuperior rotator cuff tear, (5) massive anterosuperior rotator cuff tear, and (6) osteoarthritis. *AH*, acromiohumeral interval; *UMI*, upward migration index; *GHCC*, glenohumeral center-to-center measurement; *GHa*, glenohumeral arc measurement; *SHC*, scapular spine--humeral head center method.

Discriminative accuracy {#sec2.3}
-----------------------

Receiver operating characteristic curves of proximal migration measurements are presented in [Figure 4](#fig4){ref-type="fig"}. The AUCs of the AH interval measurement and UMI were higher than the AUCs of the GHCC, GHa, and SHC ([Table III](#tbl3){ref-type="table"}). The AH interval had a significantly higher discriminative accuracy ([Table III](#tbl3){ref-type="table"}) than the GHCC (*P* = .001), GHa (*P* = .027), and SHC (*P* \< .001). Although the UMI was designed to improve diagnostic accuracy via the adjustment for the magnification factor, this correction did not lead to a significant change in discriminative accuracy in a clinical group of patients ([Table III](#tbl3){ref-type="table"}). The optimal cutoff value for detecting an RC tear was 9.8 mm and 1.32 for the AH interval and UMI, respectively.Figure 4The area under the curve was calculated for the 5 measurement methods to evaluate the discriminative value of these methods to classify patients as having or not having a rotator cuff tear. *AH*, acromiohumeral interval; *UMI*, upward migration index; *GHCC*, glenohumeral center-to-center measurement; *GHa*, glenohumeral arc measurement; *SHC*, scapular spine--humeral head center method.Table IIIArea under curveAUC (95% CI)Mean difference (95% CI)*P* valueCutoff valueSensitivitySpecificityAH interval0.757 (0.695-0.818)Reference9.8 mm0.680.73UMI (\[AH interval + r\]/r)0.767 (0.606-0.828)−0.010 (−0.042 to 0.022).5451.320.610.83GHCC0.645 (0.572-0.718)0.112 (0.043-0.181).0010.3 mm0.520.73GHa0.683 (0.609-0.756)0.074 (0.009-0.139).0270.2 mm0.410.88SHC0.579 (0.492-0.666)0.178 (0.100-0.256)\<.0015.2 mm0.890.28[^4]

Evaluation of cranial-caudal projection variation {#sec2.4}
-------------------------------------------------

We found an association between the projections of the coracoid and the measures of proximal migration in the 4 diagnostic subgroups with RC-related complaints ([Supplementary Figure S2](#appsec1){ref-type="sec"}). AH interval, UMI, and GHa values were lower in the case of a caudal projection of the coracoid in each subgroup. In contrast, a cranial projection of the coracoid process was associated with a smaller GHCC and SHC in each subgroup. In the total study sample (ie, combining subgroups 1-4), we found that a caudal projection was significantly related to a smaller AH interval and UMI. A cranial projection was significantly correlated with a smaller SHC ([Table IV](#tbl4){ref-type="table"}).Table IVProjection of coracoid process and its correlation with measurementsProjectionPatients with RC disease*P* valueMean95% CIAH interval, mm Cranial−0.26−0.983 to −0.462.478 NeutralReference Caudal−1.9−3.33 to −0.420.012[∗](#tbl4fnlowast){ref-type="table-fn"}UMI (\[AH interval + r\]/r) Cranial−0.0259−0.0530 to 0.0012.061 NeutralReference Caudal−0.0557−0.1102 to −0.0011.045[∗](#tbl4fnlowast){ref-type="table-fn"}GHCC, mm Cranial−0.60−1.22 to 0.030.062 NeutralReference Caudal0.47−0.784 to 7.32.458GHa, mm Cranial0.24−1.06 to 1.54.717 NeutralReference Caudal−2.2−4.84 to 0.39.096SHC, mm Cranial−1.7−3.20 to −0.131.033[∗](#tbl4fnlowast){ref-type="table-fn"} NeutralReference Caudal1.2−1.85 to 4.33.429[^5][^6]

Discussion {#sec3}
==========

This study evaluated the reliability and discriminative accuracy of 5 methods to assess proximal migration of the humerus on radiographs in a clinical setting. Our quantitative evaluation demonstrated good to excellent relative consistency scores for all 5 methods. The AH interval method had the highest absolute consistency as indicated by the SEM and RMSE. We demonstrated superior discriminative accuracy for the AH interval and UMI by using the AUC. Furthermore, we showed that cranial-caudal projection errors of the coracoid are associated with the outcome of the AH interval and UMI measurements on radiographs.

Of the 5 measurements used to assess proximal migration, the AH interval method had the best absolute consistency and highest relative consistency. The interobserver measurement error associated with the AH interval is in line with the measurement error between observers as reported in the literature (range, 0-4 mm).[@bib13] Because variation between subjects within the population (eg, 6-14 mm) is generally larger than the maximum demonstrated difference between observers, we may deduce high intraobserver and interobserver ICCs, which are consistent with the excellent relative consistency in our study.[@bib4]^,^[@bib10]^,^[@bib13] Prior work indicated a measurement error of less than 1 mm between observers and excellent relative consistency for the AH interval method when assessing proximal migration in cadavers.[@bib21] Nagels et al[@bib21] found comparable intraobserver and interobserver relative consistency scores for GHa. In contrast to our results, Nagels et al observed higher values for the GHCC method and SHC. The laboratory-controlled conditions including the application of tantalum markers without over-projection of the soft tissues in patients may have caused this discrepancy.[@bib21] Identification of anatomic scapular landmarks used in the SHC could be more difficult on conventional radiographs, leading to larger measurement errors in our observations. It is interesting to note that these previous studies predominantly described the relative consistency of measurement for proximal migration in relation to the variability within the population using the ICC~2,1~ value. In this study, we added absolute consistency and RMSE to the literature, both of which do not mask poor consistency due to high variability between subjects.

The AH distance and UMI have significantly higher discriminative accuracy than the GHCC, GHa, and SHC on conventional radiographs. The cranial-caudal projection of the coracoid is associated with the outcome of the AH interval and UMI measurement. This finding supports the use of the coracoid base for the identification of projection errors and emphasizes the importance of projection in the assessment of the subacromial space as advocated by Nagels et al.[@bib21] Because the influence of the cranial-caudal projection on the measurement results was the lowest for the SHC, this measure has been proposed previously for consecutive measurements in a single patient.[@bib21] In the population, however, the identification of anatomic scapular landmarks on conventional radiographs can differ among patients.[@bib21] Lower errors in the identification of anatomic scapular landmarks using the AH interval or UMI may outweigh the impact of projection errors, leading to a higher discriminative accuracy of the AH interval and UMI in this study. Good to excellent inter-method agreement exists when comparing the subacromial distance measurements on radiographs and MRI-CT.[@bib28]^,^[@bib34] Van de Sande and Rozing[@bib28] showed that the correlation coefficient of the UMI improved with correction to the size of the humeral head. It should be noted that a reduction in within-subject variance by calibrating the radiograph and CT scan measures via the UMI might lead to a reduction in measurement error within a single patient, but it has no impact on the natural variance in anatomy within the population. In this way, the UMI will improve the correlation between radiographic and CT scanning measurements as demonstrated by van de Sande and Rozing. However, the UMI will not calibrate the measurements between subjects because the size of the humeral head is unknown and is likely to vary within the population. Consequently, the UMI is unable to eliminate all positioning and magnification errors on conventional radiographs, which might explain the higher relative consistency and discriminative accuracy for the AH interval than for the UMI.

In clinical practice, the AH interval and UMI are both reliable tools to assess proximal migration of the humeral head. The normal AH interval is within the range from greater than 6 mm to 14 mm.[@bib4]^,^[@bib10]^,^[@bib22]^,^[@bib32] An AH interval of less than 6 mm is generally considered indicative of an RC tear.[@bib4]^,^[@bib10]^,^[@bib22]^,^[@bib32] Although an AH interval of less than 6 mm is associated with an RC tear, this cutoff value is potentially too strict and misclassifies patients with a tear as having a normal RC. In our study, the cutoff value for the AH interval measurements was calculated based on sensitivity and specificity. We found a cutoff value with optimal sensitivity and specificity of 9.8 mm for the AH interval. This is considerably larger than the 6-mm value described in the literature. For clinical purposes, however, the positive predictive value (PPV) and negative predictive value (NPV) are important to determine a threshold. The PPV and NPV are influenced by the prevalence of disease and will vary between hospitals.[@bib23] As a consequence, future studies should identify the optimal diagnostic cutoff value that can be used to confirm the presence of an RC tear (ie, PPV) and to rule out an RC tear (ie, NPV) on a single radiograph, resulting in a more effective use of health care expenditures.

This study has some limitations. First, the presence of an RC tear was determined with either ultrasound or MRI, and this might have resulted in verification bias. However, previous research indicated that ultrasound and MRI have comparable accuracy for diagnosing full-thickness RC tears.[@bib20] Second, we assessed the effect of projection errors within different patients; projection errors within a single patient were not recorded. For clinical follow-up of patients, projection errors within a single patient will add variance influencing the psychometric properties (eg, MDC) of the measurement. The impact of this variance may differ among the 5 methods, with consequences for the reliability and consistency of these methods in follow-up studies. Third, we assumed that screening of the RC (MRI or ultrasound to assess for the presence of an RC tear) was performed independently from obtaining the radiographs. However, radiographic results can influence the decision to obtain further imaging, with a subsequent effect on the composition of the subgroups. Because orthopedic surgeons do not (fully) rely on subacromial space measurements in clinical practice, we believe this impact is limited. The selection may lead to a modification of variation within the subgroups between subjects and thus may eventually impact reliability indices.

Conclusion {#sec4}
==========

Our study showed good to excellent relative consistency scores for all tested methods (AH interval, UMI, GHCC, GHa, and SHC). Absolute consistency was best for the AH interval, with a small random residual measurement error. Diagnostic accuracy was highest for the AH interval and UMI. Even though the UMI was designed to correct for magnification in the AH interval score, diagnostic accuracy of the UMI was not significantly superior to that of the AH interval method in the diagnosis of RC tears. Furthermore, we for the first time showed that the projection of the coracoid was associated with the outcome of the AH interval and UMI measurement on conventional radiographs and thus should be accounted for when evaluating shoulder radiographs. As a result of higher consistency and discriminative accuracy for the AH interval and UMI, we recommend the use of these methods when evaluating conventional shoulder radiographs for the presence of humeral cranialization as an indirect measure of a full-thickness RC tear.
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Supplementary Fig. S1Measurement order. Shoulder measurements were performed in a random order. In total, 4 random lists were generated for each individual session of both observers. Various shoulder disorders were equally distributed among measurements 1-70, measurements 71-140, measurements 141-210, and measurements 211-280. *SAPS*, subacromial pain syndrome.Supplementary Fig. S2Coracoid projection in each diagnostic subgroup. The projection of each radiograph was classified as cranial (**A**), neutral (**B**), or caudal (**C**) projection. We found that a caudal projection resulted in lower values for the acromiohumeral interval (*AH*) and upward migration index (*UMI*) in each of the diagnostic subgroups and a cranial projection resulted in higher values for the scapular spine--humeral head center method (*SHC*) in each diagnostic subgroup. Therefore, this figure illustrates that found effects of projection errors are not the result of bias owing to the correlation of diagnostic subgroup and proximal migration measurements. *SAPS*, subacromial pain syndrome; *GHCC*, glenohumeral center-to-center measurement; *GHa*, glenohumeral arc measurement.Supplementary Appendix S1Supplementary Table S1Supplementary Table S2Supplementary Table S3
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[^1]: *RC*, rotator cuff; *SAPS*, subacromial pain syndrome; *SD*, standard deviation; *MRI*, magnetic resonance imaging; *NA*, not applicable.

[^2]: *AH*, acromiohumeral; *UMI*, upward migration index; *r*, radius; *GHCC*, glenohumeral center-to-center measurement; *GHa*, glenohumeral arc measurement; *SHC*, scapular spine--humeral head center method; *ICC*, intraclass correlation coefficient; *CI*, confidence interval; *SD*, standard deviation; *RMS*, root-mean-square; *RMSE*, root-mean-square error; *SEM*, standard error of measurement; *MDC*, minimal detectable change; *RMS*~patients~, root mean square error for between-patient variance; *RMS*~within~ observers, root mean square error between sessions; *RMS*~between\ observers~, root mean square error between observers.

[^3]: The properties of the AH interval, UMI, GHCC, GHa, and SHC are presented for the entire group, comprising 280 radiographs.

[^4]: *AUC*, area under curve; *CI*, confidence interval; *AH*, acromiohumeral; *UMI*, upward migration index; *r*, radius; *GHCC*, glenohumeral center-to-center measurement; *GHa*, glenohumeral arc measurement; *SHC*, scapular spine--humeral head center method.

[^5]: *RC*, rotator cuff; *CI*, confidence interval; *AH*, acromiohumeral; *UMI*, upward migration index; *r*, radius; *GHCC*, glenohumeral center-to-center measurement; *GHa*, glenohumeral arc measurement; *SHC*, scapular spine--humeral head center method.

[^6]: Statistically significant.
